Recent studies demonstrate an increasing role for alloimmune responses in the disruption of self-tolerance leading to immune responses to self-antigens that play a role in the immunopathogenesis of chronic rejection following solid organ transplantation. This review summarizes recent studies and implications for the alloimmune-responseinduced de-novo development of autoimmune responses following solid organ transplantations.
Introduction
Chronic rejection following transplantation remains the most important problem for long-term function of the transplanted organs despite advances in understanding of donor and recipient physiology, operative technique, and immunosuppressive pharmacology. Regardless of transplanted organ, chronic rejection is characterized by fibrosis of the graft parenchyma which may develop anywhere from months to years postoperatively [1] . Chronic rejection is initiated by a host-antigraft-immune response with both antigen-dependent and nonimmune (antigen-independent) factors leading to fibroproliferative changes affecting graft function [2] . Inflammation and tissue remodeling promoted by alloimmune mechanisms can facilitate the induction of autoimmune responses against self-antigens [3] . In this review we discuss evidence for the role of alloimmunity and autoimmunity in chronic rejection of solid organ transplants.
Cellular and humoral immune responses in solid organ transplantation
The primary targets of the recipient immune response against the allograft are the donor major histocompatibility complex (MHC) antigens present on the allogeneic tissue. Immune recognition of mismatched donor histocompatibility antigens results in both cellular and humoral immune mechanisms which leads to allograft rejection [4, 5] . Allorecognition can occur through two unique but not mutually exclusive pathways: the direct and indirect pathways of antigen presentation. The direct pathway involves recognition of intact donor MHC molecules on the cell surface, usually by antigen-presenting cells (APCs). Both CD8 þ and CD4 þ T cells can directly recognize donor MHC molecules, MHC class I and II, respectively. In contrast, the indirect pathway involves presentation of processed donor antigens by recipient APC to recipient T cells. A 'semi-direct' pathway has also been recently described which involves recipient APCs that acquire donor MHC through cell-to-cell contact and activate host T-cell responses which contributes to chronic rejection [6] .
Whereas the direct pathway is more important for acute allograft rejection, the indirect pathway is thought to play a dominant role in chronic allograft rejection [7, 8] . Experiments have demonstrated that inhibition of acute rejection by depleting passenger APC significantly delays but does not prevent development of chronic rejection [9] . It has been observed that the frequency of direct alloreactive T cells exceeds indirect alloreactive T cells in the early post-transplant period [10] . The frequency of direct alloreactive T cells declines with time following transplantation, whereas the continuous influx of the processed donor antigens by the recipient APC through the indirect pathways increases the number of indirect alloreactive T cells that are themselves more resistant to currently used immunosuppression [11, 12] .
Humoral alloimmune responses against mismatched donor human leukocyte antigens (HLAs) in the pathogenesis of chronic rejection are well established [13] . Studies from our group, as well as others, have shown that development of immune responses to self-antigens during the post-transplant period may also correlate with chronic rejection [14 ,15,16] . Antibodies to myosin and vimentin in cardiac, K-a1 tubulin (K-a1T) and collagen V (ColV) in lung, Col-III in liver, and angiotensin II type 1 receptor, Col-IV, and VI in kidney transplants have been identified and associated with incidence of chronic rejection; however, their functional significance has not been fully characterized [14 ,17-20] . It is also not clear what roles the alloimmune responses play in the development of immune responses to self-antigens. In this review, we detail recent findings for the two distinct yet interdependent immune processes in the immunopathogenesis of chronic rejection.
Cardiac transplantation
Chronic rejection of cardiac allografts is manifested by the clinical entity cardiac allograft vasculopathy (CAV), an accelerated form of occlusive coronary disease affecting both intramural and epicardial coronary arteries and veins; 5-year incidence of CAV is 30-40% [21] . Animal studies have supported a critical role of alloimmune responses in the development of chronic rejection in cardiac allografts and clinical experience has identified the number of acute rejection episodes and donor HLA mismatching as independent risk factors for CAV after heart transplant [22] .
Cell-mediated immunity has been implicated in the pathogenesis of CAV as histologic examination of peri-vascular infiltrates often reveals a predominance of immune cells including T cells (CD4 þ , CD8 þ ), natural killer (NK) cells, macrophages and dendritic cells. In an experimental model of CAV depletion of recipient CD4 þ but not CD8 þ T cells prevented the formation of arterial lesions [23 ] . Alloreactive CD4 þ Th1 and Th2 cells activated via the indirect pathway have been implicated in the development of CAV as well. In a study using a T bet-/-murine model of CAV, Th17 cells mediated a proinflammatory response in the absence of a Th1 response leading to CAV [24 ] . T-cell-mediated autoreactivity against cardiac myosin has been shown to develop and persist in the absence of an alloimmune response, indicating that response to myosin, a self-antigen, is associated with the pathogenesis of CAV [25 ,26 ] .
Humoral immunity has also been implicated in the pathogenesis of CAV. The presence of circulating antibodies specific to mismatched donor HLA molecules and the deposition of complement product C4d within the graft have been associated with poor allograft outcome. Studies utilizing syngeneic heart transplants have shown that chronic rejection can be induced even in the absence of an alloimmune response [22, 27] . Studies have also indicated that antibodies against vimentin, a cytoskeleton protein, are an independent predictor of atherosclerosis following cardiac transplantation and can accelerate the course of CAV [26 ,28] . Our studies towards investigating the pathogenesis of acute antibody-mediated rejection (AMR) in the early postheart transplant period (<12months) and CAV in the late post-transplant period (>12months) demonstrated the presence of donorspecific antibody in AMR and CAV is significantly associated with development of antibodies to cardiac selfantigens myosin and vimentin. Furthermore, the induction of high CD4 þ Th specific to cardiac self-antigens that predominantly secrete IL-5 and IL-17 suggest that alloimmune responses to donor HLA may play a significant role in the development of antibodies to self-antigens leading to AMR and CAV, respectively.
Lung transplantation

Chronic rejection after lung transplantation (LTx) is characterized by obliteration of terminal airways termed bronchiolitis obliterans syndrome (BOS). The development of BOS post-LTx is multifactorial and involves both cell-mediated and humoral immunity [29].
A high frequency of indirect alloreactive CD4 þ T cells against donor MHC class I and II molecules can be detected in a human lung allograft recipient years after transplantation and are associated with BOS [30]. Also, it is thought that recipient T cells primed by the indirect allorecognition pathway are less responsive to conventional immunosuppression compared to those primed by the direct pathway. Intrapulmonary lymphoid tissue has been implicated in the pathogenesis of chronic rejection as it serves as a reservoir for effector memory T cells and high endothelial venules which can contribute to a local immune response in small airways leading to BOS [31 ] .
Animal studies have identified ColV-reactive T cells in rat lung allografts undergoing rejection. These ColVspecific T cells derived from rat lung allografts can, in turn, mediate rejection of isografts when adoptively transferred without affecting native lung [32] . Studies from our lab have demonstrated a high frequency of ColV-reactive T cells in human lung allograft recipients and BOS was associated with expansion of IFN-g producing ColV-specific Th-1 cells with a concurrent reduction in IL-10-secreting T cells [33] . A longitudinal study in LTx patients identified an association between ColVspecific IL-17 responses with onset of BOS [34] . ColVspecific responses in BOS patients were dependent on both CD4 þ T cells and monocytes and required IL-17, TNF-a, and IL-1b. Furthermore, adoptive transfer of lymph node cells expressing high levels of IL-17 and IL-23 gene transcripts from ColV-sensitized mice have been shown to induce obliterative lesions in the lung isograft [16] .
Humoral immunity has also been implicated in BOS. Several studies have demonstrated that development of anti-HLA class I antibodies is associated with the development of chronic rejection [16, 26 ] . On the basis of the previous studies by us [34] and others [35] the presence of 'shed' donor HLA antigens in the bronchoalveolar lavage fluids following LTx provide the substrate for antigen presentation to T helper cells and induction of alloimmunity. These T helper cells, which are engaged in indirect recognition pathways, can produce lymphokines required for the growth and maturation of allo-antibodyproducing B cells. Studies have also demonstrated that anti-HLA antibodies can activate human airway epithelial cells (AECs) resulting in the production of several fibrinogenic growth factors that can play an important role in the pathogenesis of chronic rejection [14 ] . Recent studies strongly suggest an important role for autoimmunity in the pathogenesis of allograft rejection. Our studies in LTx recipients have shown a strong correlation between the development of antibodies to a self-protein, K-a1T, as well as ColV and the development of BOS following human LTx [14 ,36 ] .
Recent studies were aimed to determine whether preexisting antibodies to self-antigens are present in patients waiting for LTx and the role of pre-existing antibodies to self-antigens in the development of primary graft dysfunction as well as chronic rejection following LTx. It is generally accepted that PGD immediately after the transplant period increases risk for development of BOS [37] . We analyzed 142 adult LTx recipients for pretransplant antibodies to self-antigens, ColV and K-a1T and those with antibodies to self-antigens had increased risk of PGD [odds ratio (OR) 3.09, 95% confidence interval (CI) 1.2-8.1, P ¼ 0.02] compared to those without. Ab þ patients demonstrated high levels of proinflammatory cytokines IL-1 (2.1-fold increase), IL-2 (3.0), IL-12 (2.5), IL-15 (3.0) and chemokines IP-10 (3.9) and MCP-1 (3.1, P < 0.01 for all). On 5-year follow-up, patients without antibodies showed greater freedom from development of HLA-antibodies compared to those with antibodies (class I: 67 vs. 38%, P ¼ 0.001; class II: 71 vs. 41%, P < 0.001). Patients with pretransplant antibodies were found to have an independent relative risk of 2.3 (95% CI 1.7-4.5, P ¼ 0.009) for developing BOS.
We and others have also previously demonstrated that development of anti-MHC class I antibodies precedes the development of BOS by 20 months [34] . As discussed above, these patients also developed antibodies to selfantigens prior to clinical onset of BOS. Therefore, to determine the mechanism by which antibodies to donor MHC may induce an immune response to self-antigen which lead to chronic rejection we developed a murine model of OAD of native lungs [36 ] . In this model, administration of specific anti-MHC class I antibodies to the native lungs of mice resulted in autoimmunity leading to cellular infiltration, epithelial hyperplasia, endothelitis, fibroproliferation, collagen deposition and luminal occlusion of the small airways, the central events seen during chronic lung allograft rejection. Put together all these wide array of evidence from various laboratories point towards a cross-talk between alloimmune and autoimmune responses post LTx in the pathogenesis of chronic rejection. It is likely that a similar cross-talk between alloimmunity and autoimmunity may play an important part in the pathogenesis of chronic rejection following all solid organ transplantation.
Liver transplantation
Chronic rejection after liver transplantation is manifested as fibrous tissue replacement in the allograft, clinically mimicking cirrhosis. Fibrogenesis is a complex, dynamic process mediated by necro-inflammation and activation of hepatic stellate cells under the influence of virally induced immunomodulation. Cell-mediated and humoral immunity are both implicated in the progression of fibrosis after liver transplant [38, 39] .
Studies investigating mechanisms of fibrosis in an orthotopic liver transplant (OLT) population with hepatitis C virus (HCV) have correlated progression of fibrosis with specific CD4 T-cell behavior [39] . Specifically, a lack of HCV-specific Th1-type T-cell immunity has been associated with the development of fibrosis and cirrhosis during recurrent HCV infection in the post-transplant period. Patients with higher degrees of fibrosis and cirrhosis have also been shown to have significantly higher levels of IL-17 production upon stimulation with HCV antigens (T. Mohanakumar, unpublished data). Th17 cells can lead to production of CXCL12 and activation of B cells [40 ] . CXCL12 in combination with IL-17 allows germinal center formation and auto-antibody production to selfantigens including ECM Col-I, II, and V in the liver. Our studies demonstrated increased serum levels of IL-17, IL-6, IL-1b, IL-8 and MCP-1 are significantly increased in OLT who develop high-grade allograft inflammation and fibrosis secondary to HCV recurrence. This was associated with increased frequency of CD4 þ T cells specific to HCV that secrete IL-17 in OLT with highgrade allograft inflammation and fibrosis. This was also accompanied by a significant decline in the frequency of HCV-specific CD4 þ T cells that secrete IFN-g and increased frequencies of IL-10-secreting cells in OLT with allograft inflammation and fibrosis. We also identified development of antibodies against Col-I, II, and V in chronic HCV including OLT with recurrent HCV who developed fibrosis. All these data point to a Th17mediated autoimmune response and antibodies to selfantigens may play a part in the development of fibrosis following HCV infection of the transplanted liver.
Kidney transplantation
Chronic allograft nephropathy (CAN) is a major cause of late graft loss in renal transplant recipients. The histopathologic signs of CAN -interstitial fibrosis, tubular atrophy, glomerulopathy and vasculopathy -are nonspecific. It is thought to account for approximately 40% of graft loss at 10 years [41] . Work with both animal models and clinical studies have implicated both cell-mediated and humoral arms of alloimmunity contribute to its development [42] . CD4 þ alloreactive T cells responding to donor-derived peptides bound to recipient MHC class II have been correlated with CAN. Also, T cells producing proinflammatory and regulatory cytokines against HSP 60 have been demonstrated in peripheral blood and graft-infiltrating lymphocytes of renal transplant recipients with progression to CAN [43] .
Increased levels of pretransplant anti-HLA antibodies and de-novo post-transplant donor-specific antibodies have also been associated with CAN. Antibodies against MHC class I polypeptide-related sequence A (MICA) can affect renal allografts. However, antibodies developed de novo and directed at the donor HLA are not always detectable in the circulation of patients undergoing chronic rejection, questioning the significance of antibodies to HLA in the pathogenesis of chronic rejec-tion. Clinical experience with refractory vascular allograft rejection in the absence of detectable anti-HLA antibodies demonstrated the presence of antibodies directed at two epitopes of the second extracellular loop of the angiotensin II type 1 (AT1) receptor. Detection of anti-AT1 receptor might serve as a useful tool to identify those at risk for refractory allograft rejection Other antibody targets include perlecan and Col-IV and VI as well as glomerular basement membrane protein agrin [44, 45] . Recent studies have also suggested a role for antivimentin antibodies in the development of CAN [43] .
A converging model for chronic rejection
The phenomenon of chronic rejection after solid organ transplantation is likely the result of a multifactorial interplay of various effector arms of alloimmunity. Studies in the arena of heart, lung, liver, and kidney transplantation have identified putative mechanisms that contribute towards development of chronic rejection. In these instances, an emerging theme is that inflammation and subsequent tissue remodeling attendant to the posttransplant state exposes cryptic self-antigens or their determinants that, along with a favorable cytokine milieu, allows for loss of peripheral tolerance and the activation of cell-mediated immunity towards development of de-novo immune responses to self-antigens. Regulatory T cells (Tregs) are known to inhibit both autoreactive as well as alloreactive effector T cells; however, in the context of potent immunosuppression after transplant (e.g. usage of calcineurin-based immunosuppression, which inhibits regulatory T-cell proliferation) there is likely loss of peripheral tolerance to self-antigens [46] leading to immune responses to various tissuerestricted self-antigens. At present, IL-17 appears to be a strong candidate for promoting this response, and studies have showed a link to its levels and the development of fibrosis in allograft tissue, the hallmark of chronic rejection [16] . The generation of auto-antibodies in this context has been observed in multiple arenas as well; however, the clinical implications of their temporal occurrence (in relation to clinically significant and pathologically demonstrable chronic rejection) and functional significance need to be better characterized.
Conclusion
Alloimmune responses and the development of de-novo autoimmunity to self-antigens appear to be the principal player in the development of chronic rejection after solid organ transplantation. Tissue inflammation and remodeling provide the substrate for the activation of both cellmediated and humoral effector arms. This activation of the alloimmune response is in part mediated be IL-17, which facilitates the activation of fibrinogenic pathways and the development of auto-antibodies. Future work in the field is needed to identify the mechanistic role for auto-antibodies in the development of rejection and their clinical utility as a biomarker for chronic rejection. The IL-17 represents a new pathway of focus to expand the immunosuppressive armamentarium. As most of the current results strongly suggest that alloimmune response to mismatched HLA antigen (as evidenced by the presence of circulating antibodies to donor HLA that precede the development of antibody to self-antigens), it is logical to intervene early after detection of antibodies to HLA to prevent the development of antibodies to self-antigens in an effort to prevent or delay the onset of chronic rejection. Studies in LTx recipients are currently underway to test this possibility by administering intravenous gamma globulin and rituxan as early as circulating antibodies to donor-specific HLA are identified following LTx. ; 182:7307-7316. The authors note that lung tissue of 13 lung transplant recipients with obliterative bronchiolitis demonstrates a large number of small, airway-associated high endothelial venules (HEVs) which are unique to lymphoid tissue. Utilizing a murine lung transplant model, they demonstrate that de-novo lymphoid tissue in the lung lacks delineated T cell and B-cell zone but have effector memory T cells and HEVs. They conclude that de-novo lymphoid tissue may have a role in chronic immune responses following lung transplantation.
